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Introduction
Patellofemoral pain (PFP) is a common knee complaint among active adolescents and young adults [1] . A general practitioner encounters on average five to six new cases per 1,000 patients per year, whereas in highly physically active populations the incidence reaches 22 new cases per 1,000 patients per year [2] [3] [4] . It is characterized by peri-patellar and retro-patellar pain, mainly during activities such as prolonged sitting, kneeling, squatting, and walking up and down the stairs, or repetitive activities such as running and biking.
The exact origin of PFP is still unknown [5] . The current theory is that PFP originates from excessive patellofemoral contact stress due to high loading and/or maltracking of the patella. Dye et al. suggested in 2005 that this may result in a symptomatic loss of tissue homeostasis [6] . Next to this structural approach, the authors suggested the presence of altered pain processing by stating that once loss of tissue homeostasis was initiated, pain may persist indefinitely [6] . Subsequently, Jensen et al. demonstrated that altered pain processing might indeed play a role in chronic PFP [7, 8] . More recently, three studies demonstrated the presence of local or generalized pressure hyperalgesia, an increased response to a pain-provoking mechanical stimulus based, respectively, on altered peripheral or central pain processing in adolescent or adult populations of female patients with PFP [9] [10] [11] .
It remains unclear, however, if the same applies to male patients. Lower pain pressure thresholds (PPTs) were expected in both male and female patients with PFP; female patients were expected to have the lowest PPTs, corresponding to reported gender differences in the literature [12, 13] . Additionally, there is emerging evidence that pain processes are age dependent [14] , and a difference between adult and adolescent patients with PFP has been suggested but has not been studied yet for PPT [15] . Thus, lower PPTs were expected in both adolescent and adult patients with PFP, and adolescent patients were expected to have the lowest PPTs.
Furthermore, associations between patient characteristics and PPT need to be studied in order to identify subgroups that are prone to generalized hyperalgesia because in that case treatment should be modified.
Therefore, the aim of the present study was to investigate differences in PPTs between PFP patients, control subjects, and predefined subgroups divided by age status and gender and to explore patient characteristics associated with altered PPTs.
Methods

Study Design and Participants
This cross-sectional case-control study was performed between January 2013 and September 2014. Patients age 14 to 40 years who had PFP for at least two months and for a maximum of two years were compared with a healthy control group without knee complaints.
Patients diagnosed with PFP were included by their general practitioner, physiotherapist, or sports physician during consultation. All patients diagnosed with PFP had to fulfill the following criteria: the presence of at least three of the following symptoms: pain complaints while stair climbing, while squatting, while running, while cycling, while sitting for a prolonged period with the knee flexed, or crepitus. Exclusion criteria included a defined pathological knee condition at the affected knee such as osteoarthritis or patellar tendinopathy, previous surgery or injury of the affected knee, previous episodes of PFP more than two years ago, or onset of PFP after trauma. Control subjects recruited were sports team members, friends, or colleagues of the patients. We aimed to match the control subjects to the patient group by age, body mass index (BMI), gender, and activity level. Subjects suffering knee pain or with a history of PFP, subjects with traumatic injury or knee surgery, and first-grade family members were excluded as control subjects. All subjects with contraindications for magnetic resonance imaging (MRI) scanning with contrast administration (for other study purposes) or insufficient knowledge of the Dutch language were excluded. Approval for the study was given by the Institutional Review Board of Erasmus MC (Medical Ethical Committee, protocol no. MEC-2012-342), and accordingly informed consent was obtained from all participants; if participants were age 18 years or younger, their parents additionally gave informed consent.
Sample size calculation was based on one of the primary outcome measures the study was designed on: percentage of structural MRI abnormalities of the knee (not used for the current study purpose). Given an estimation of 34% abnormalities in PFP patients vs 10% in control subjects (based on expert opinions), 44 subjects per group would provide the means to detect significant differences with a power of 80% and alpha of 0.05.
Measurements
After signing informed consent, all subjects were asked to fill in a questionnaire and were additionally invited for a physical examination at the Erasmus MC in Rotterdam.
The questionnaire included questions on demographics (gender, age, weight, and height to calculate BMI), sports participation (yes/no), type of complaints (bilateral (yes/no), duration of complaints in months, more pain in cold environment (yes/no), function (anterior knee pain [AKP] scale) [16] , and pain intensity on a numeric rating scale (NRS) from 0 to 10 at rest and during activity [17] . During physical examination, the presence of neuropathic pain was assessed with the Douleur Neuropathique 4 scale (DN4) [18] , and widespread pain was assessed according to the tenderpoints index and according to the Manchester definition of chronic widespread pain using a mannequin [19] . Subsequently, crepitation during squatting (present or not), palpation of the medial patellar facet (painful or not), and the Clarke compression test (positive or negative) were assessed.
Pain Pressure Threshold
The PPT was determined by a handheld dynamometer (HHD) with a special algometry tip of 1 cm 2 (Biometrics MicroFET 2, Almere, The Netherlands). We showed earlier that this is a reliable method to test PPT in PFP patients [17] . The PPT measurement was performed once by one assessor (RvdH). Three measurements in set order were performed on the affected knee, contralateral knee, and contralateral arm in all subjects. The affected knee was defined as the knee in which symptoms were most prevalent. For control subjects, a randomly selected knee was defined as the "affected knee" and "contralateral knee," respectively. Subjects were lying supine on the examination table, and the algometry tip was placed at the most painful location on the affected knee in the patients with PFP. If this place was located behind the patella (i.e., retropatellar pain), the algometer was placed on the center of the patella. PPT testing in patients was performed on the same site of the contralateral knee and dorsolateral midshaft of the contralateral forearm. In control subjects, PPT testing was done on the medial facet of both knees, as the medial patellar facet is often regarded as the most painful location in PFP, and the dorsolateral midshaft of the contralateral forearm. Once the algometry tip was placed, pressure was slowly increased until the subjects indicated that it became painful. At that moment, maximum applied force was read from the display of the dynamometer in N/cm 2 , and this was defined at the PPT threshold. Consequently, pain severity of this threshold was assessed using the NRS 0-10. We applied a cutoff of 70 N/cm 2 to prevent possible tissue damage.
Statistical Analysis
Differences in characteristics between patients and control subjects and between adult and adolescent patients (age < 18 years) were tested using the independent sample t test for numeric variables with normal distribution, the Wilcoxon test for numeric variables with nonnormal distribution, and the chi-square test for nominal variables.
Differences in PPT and experienced pain at threshold between patients and control subjects were expressed in crude mean differences and analyzed using an analysis of covariance (ANCOVA) model including age and gender status and the covariates BMI and sports participation (yes/no). In order to determine differences and potential effect modification in the predefined subgroups (age status and gender), single ANCOVAs were performed, each model including subject status (patient vs control), subgroup status (age or gender), the interaction terms (subject status Â age and subject status Â gender), and covariates (BMI and sports participation). Effect sizes were calculated to express the magnitude of the effect. The association between patient characteristics and the PPT in the patient population was assessed using a multivariate linear regression model, entering all variables at once. Results are presented in mean differences and betas (b), with accompanying 95% confidence intervals (CIs). P values of less than 0.05 were considered statistically significant.
Results
Participants
The study population consisted of 64 patients with PFP ( Figure 1 ) and 70 healthy control subjects. Both groups comprised 20 adolescents. The mean age of the patient group was 23.4 (SD ¼ 7.0) years, the mean BMI was 23.6 (SD ¼ 3.8), and 54.7% of the participants were female. Patients had a significantly higher BMI, participated less frequently in sports, and had a lower AKP function score compared with healthy control subjects ( Table 1 ). van der Heijden et al.
Compared with adolescent PFP patients, the adult PFP patients had a significantly higher BMI and less frequently reported bilateral complaints (Table 2) . Compared with male patients, female patients were significantly younger, had a longer duration of complaints, and more frequently reported bilateral complaints.
Pain Measures
Significantly lower PPTs were observed in patients compared with healthy control subjects (P < 0.01) at all three locations (Table 3 ). The mean differences were -12.2 (95% CI ¼ -17.3 to -7.1) in the affected knee, -4.7 (95% CI ¼ -10.1 to 0.52) in the contralateral knee, and -5.7 (95% CI ¼ -10.5 to -0.8) in the contralateral arm. In addition, reported pain intensity scores at threshold were significantly higher in PFP patients compared with healthy controls.
Subgroup analyses by age status and gender demonstrated a significant gender effect at all three locations, with effect sizes ranging from 0.73 to 0.98, with females having a lower PPT (Table 4) . No subgroup effects were observed for age status.
Effect modification was observed between patient status and gender for the contralateral arm measurement, with a significant (P ¼ 0.028) interaction effect with an effect size of 0.39, showing significantly lower PPT values in female patients.
Generalized widespread pain according to either the Manchester coding or the tenderpoints index was not present in the study population. Neuropathic pain according to the DN4 was present in 12.5% (N ¼ 8) of patients.
The multivariate linear regression model demonstrated a significant association between female gender and lower 
Discussion
The purpose of this study was to investigate whether there is a difference in PPT between patients with PFP and healthy control subjects. Our results showed that PFP patients had significantly lower PPTs compared with healthy controls on all three locations, suggesting the presence of local, contralateral, and generalized pressure hyperalgesia. Subgroup analyses for both age and gender status revealed that PPTs significantly differed for gender status and that gender modified the effect between patients and control subjects. This was supported by the multivariate analyses of patient characteristics, showing a significant association of female gender with a lower PPT.
Our finding that PFP patients had significantly lower PPTs compared with healthy controls is in line with recent studies [9] [10] [11] . Rathleff et al. demonstrated lower local and contralateral pressure hyperalgesia in female adolescent PFP patients compared with controls [9] . Additionally, Noehren et al. showed both local and generalized pain pressure hyperalgesia in a small group of female adult patients with PFP compared with controls [10] . Pazzinatto et al. described local and generalized hyperalgesia in female adult patients with PFP [11] . Though these three studies focused on females only, when considered together with the present study, it is clear that local, contralateral, and generalized pressure hyperalgesia are present in PFP patients.
The present study showed significantly lower PPTs at the affected knee, indicating local pressure hyperalgesia in both male and female patients. The subgroup analyses on gender status and the significant interaction effect found for gender status on the contralateral arm imply that generalized pressure hyperalgesia is especially and predominantly present in female patients. It has been shown that endogenous pain inhibition plays an important role in central pain processing, and these systems might be less efficient in women [12] . This may explain the differences found on the gender level. Although a relatively small effect size was found for the interaction effect between gender and patient status, the findings of the present study and the results of earlier studies on female PFP patients do suggest an altered pain processing mechanism in female PFP patients.
The earlier suggested central component of PFP was based on impaired pain modulation [20] and an elevated threshold to detect light touch over the center of the patella [21] . Moreover, the profile of the sensory dysfunctions in the study of Jensen et al. also indicates an involvement of the central nervous system [7] . However, measured symptoms in our study indicative of a central component, such as widespread pain according to either the Manchester coding or the tenderpoints index and neuropathic pain according to the DN4, were not explicitly present. Differences in findings between our study and other studies performed could be due to the use of different measures to define a central component of pain. Further research on the potential central component, but also on possible subgroups in which this component may be present, is therefore warranted.
It could be hypothesized that patients with bilateral symptoms would differ from those with unilateral symptoms, which could consequently impact the PPT. As differences were seen in the percentage of bilateral complaints in both predefined subgroups, we ran additional analyses within the patient population in order to determine whether the difference found in gender subgroups could not be attributed to bilateral complaints. These analyses did, however, show that gender remained significant for the three measurements, and bilateral complaints were not associated with the PPT. This strengthens the findings that the differences found van der Heijden et al.
are related to gender and not to bilateral vs unilateral symptoms.
In contrast to what was expected, adolescent PFP patients did not have lower PPTs compared with adult patients. Additionally, the multivariate regression analyses showed no association with age. Univariate analyses, however, did show significant associations with age, indicating that age may play a role, but other factors, especially gender, seem to be stronger predictors and effect modifiers. The lack of support may also be due to the relatively small age difference within our study population and the relatively small group of adolescents.
It was apparent that active subjects, that is, sports participants, appeared to have a lower PPT in the arm compared with nonsports participants. We were not able to take the amount of physical activity into account as we only reported on sports participation (yes or no).
Though the results seem to be in contrast to previous literature showing that athletes or individuals who practice high levels of physical activity present higher pain thresholds and altered pain perception compared with normally active individuals [22] [23] [24] . This contrast may be due to the less sensitive measurement of sports participation applied in our study. Additionally, we used the sports participation level of the participants at the moment of baseline, which often differed in the patient group from the sports participation level before pain developed. Therefore, more research on the impact of physical activity levels on pain levels is warranted.
The findings of the present study do have implications for the treatment of PFP patients. Exercise therapy is seen as the first choice treatment for PFP patients and has been shown to be effective in this population [25] . Rathleff et al. showed the ability of exercise therapy to alter PPTs and demonstrated that recovered female patients with PFP have a larger reduction in localized pressure hyperalgesia compared with nonrecovered females [26] . If fear or suboptimal coping strategies play a role, high-intensity graded exercise therapy programs may be effective [27] . Furthermore, the additional effect of patient education or even cognitive behavioral treatment should be further investigated as the latter has been shown to be effective in patients with chronic low back pain [28, 29] . Finally, pain-modifying drugs may offer future treatment options [30] .
Strengths and Limitations
To our knowledge, this is the first case-control study focusing on the presence of altered pain processing in both adults and adolescents, and males and females with patellofemoral pain. Furthermore, associations between PPT and patient characteristics have not been studied previously. In order to develop better-targeted treatment strategies, more knowledge on the association between patient characteristics and PPT is essential.
Table 4
Pain pressure thresholds (algometry) for patients and control subjects subdivided based on age and based on gender van der Heijden et al.
As we placed the dynamometer on the most painful spot on the knee in patients, it was not feasible to blind the assessor. However, a previous study showed good reliability for PPT testing between the current assessor and an independent assessor in a subgroup of the study population [17] .
We intended to match the patients and their controls on age, gender, BMI, and sports participation. However, some differences were present concerning BMI and the percentage of sports participants, and therefore all analyses were adjusted for these confounders.
It is of course not possible to test the PPT at the most painful spot when no pain is experienced. Therefore, the medial patellar facet was chosen. This seems justified as most patients indeed pointed to the medial facet as the most painful location. In order to be sure that placement of the algometer on different surfaces (patellar bone or peripatellar soft tissue) would not have influenced our results, PPT location was added to the multivariate analyses (Table 5 ). However, no association between PPT and algometry at the patellar bone location was present. Furthermore, we need to point out that it is questionable if the measured threshold is indeed a pain threshold as patients and controls reported pain intensities of 4.7 and 2.9 on a 0-10 scale. Still, as it was the actual threshold at which pain was felt according to the subject and the same procedure was applied to both patients and controls, we feel that the measurements performed were appropriate for our study purpose.
Finally, the P values was not corrected for multiple testing. However, most of the associations found in the present study showed relatively low P values (<0.001), indicating that the chance of a type I error seems to be low.
Conclusions
In conclusion, our results show that patients with PFP have local, contralateral, and generalized pressure hyperalgesia, though females with PFP were most likely to suffer from generalized hyperalgesia. No differences were observed between adult and adolescent subjects.
